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Abstract Biological control is a valuable and effective strategy for controlling arthropod pests and has been used extensively against invasive arthropods. As one approach for control of invasives, exotic natural enemies from the native range of a pest are introduced to areas where control is needed. Classical biological control began to be used in the late 1800s and its use increased until, beginning in 1983, scientists began raising significant concerns and questions about nontarget and indirect effects that can be caused by these introductions. In recent years, similar issues have been raised about augmentative use of exotic natural enemies. Subsequently, international guidelines, national regulations and scientific methods being used for exotic natural enemies in biological control have changed to require appropriate specificity testing, risk assessment and regulatory oversight before exotic natural enemies can be released. National and international standards aimed at minimizing risk have increased awareness and promoted more careful consideration of the costs and benefits associated with biological control. The barriers to the implementation of classical and augmentative biological control with exotic natural enemies now are sometimes difficult and, as a consequence, the numbers of classical biological control programs and releases have decreased significantly. Based in part on this new, more careful approach, classical biological control programs more recently undertaken are increasingly aimed at controlling especially damaging invasive arthropod pests that otherwise cannot be controlled. We examine evidence for these revised procedures and regulations aimed at increasing success and minimizing risk. We also discuss limitations linked to the apparent paucity of post-introduction monitoring and inherent unpredictability of indirect effects.
Introduction
This paper focuses on the biological control of arthropods using arthropod biological control agents. Perhaps the earliest example of the use of biological control was in China where nests of predatory ants were moved in citrus orchards to control larval Lepidoptera (Huang and Yang 1987) . In 1888-1889, the startlingly successful control of the cottony cushion scale (Icerya purchasi) by an exotic insect, the vedalia beetle (Rodolia cardinalis) imported from Australia (the area of origin of the scale) became such an accomplishment that a new era of biological control began, initially with greatest emphasis on classical biological control. Development of new methods for pest control were rarely of primary importance during WWI and WWII except regarding control of arthropods threatening public health, and after WWII new synthetic chemical pesticides were widely used. However, by 1962 Rachel Carson's Silent Spring alerted the public to the environmental effects being caused by the excessive use of pesticides that was occurring. This encouraged a resurgence among entomologists in the development and use of biological control, in part as an alternative to chemical control and with a goal of protecting the environment (Greathead and Greathead 1992) . These biological control strategies often employed exotic arthropods to control exotic arthropod pests. Use of biological control and resulting successes in control increased over time.
Although biological control gained much popularity as an alternative to use of insecticides, over time public priorities, perceptions and values began to change. Beginning in the 1980s and continuing for several decades since then, criticism was leveled at use of exotic arthropods in classical biological control and, more recently, augmentative biological control; the principal accusations were linked to negative impacts on biodiversity. Such scrutiny resulted in stricter regulation and more careful examination and oversight of potential and proposed biological control releases by regulatory bodies and practitioners alike. Increased focus on unintended consequences is undoubtedly a good thing.
However, a side effect of this shift in attitude and approach has been a decline in use of biological control. The degree that this pendulum swing is warranted is worthy of evaluation, since the costs of inaction or delay with respect to biological control (e.g., elevated pesticide use, community and ecosystem consequences of invasive species) are nontrivial.
In this paper, we discuss the history of introductions of exotic natural enemies for control of arthropods and consider concerns related to potential environmental impacts of this approach. We also consider how these concerns have influenced the practice and use of biological control. Many of the claims of significant environmental effects due to agents released for biological control of arthropods are refuted and we argue that when used appropriately, this practice can provide an effective and environmentally responsible solution for control of invasive arthropods. We end by considering how biological control of arthropods is now moving forward in the face of the great need for the control of increasing numbers of invasive alien insects, and we encourage increasing post release evaluations to build data on the potential for direct and indirect nontarget effects.
The field of biological control includes several different strategies and many types of natural enemies, used against an equal diversity of pests (Hajek 2004; Cock et al. 2012 ). This review is focused principally on classical and augmentative biological control of arthropods using exotic arthropod natural enemies and the target pests themselves are often exotics. We refer readers to literature discussing similar concerns and resulting changes associated with risks and benefits related to biological control targeting weeds (e.g., McFadyen 1998; van Wilgen et al. 2013; Suckling and Sforza 2014) .
Classical biological control
Use of classical biological control, first formally recorded in 1888-1889, generally refers to the introduction of natural enemies from the area of origin of a species to an area where this species has been introduced and is a pest with the goal of permanent establishment and control. As such, this method has predominantly been aimed at controlling invasive species. Although this might appear to be a rather restricted practice, the strategy has been used extensively. As of 2006, there have been 7094 introductions involving 2677 invertebrate biological control agents around the world (Cock et al. 2010) . Analysis of the use of arthropod biological control agents in the database compiled for Cock et al. (2010) shows that biological control targets of these introductions have been primarily insect pests (79.9 %) and weeds (17.8 %), with 2.3 % against mite pests (pathogens were not included in this database).
Biological control agents that have been used are predominantly predatory, parasitic and herbivorous insects but also include mites, nematodes, snails and a limited number of pathogens of invertebrates and plants (Cock et al. 2010; Hajek et al. 2007; Winston et al. 2014) . Here, we focus on the use of exotic arthropod biological control agents to control arthropod pests. Spectacular successes have been achieved with classical biological control, sometimes using multiple agents in combination, but frequently success has only been partial or the introduced enemy has not become established after release (Cock et al. 2010) . Since the 1950s, the success rate improved through to the 1980s (Greathead and Greathead 1992) , and this trend has continued through to the 2000s (M.J.W. Cock unpublished data) . Increasing success has been attributed in part to the change in approach from that used until the 1950s and 1960s when many of the potentially useful biological control agents were released to a more targeted approach that includes laboratory studies to confirm target suitability (Greathead and Greathead 1992) . In addition, for some systems where the same invasive pest had been released in many different countries, finding successful biological control agents resulted in multiple successes, as these natural enemies were used repeatedly.
Use of classical biological control requires foreign exploration for natural enemies that are then transported to a quarantine facility in a receiving country. Either prior to this or in the quarantine methods for rearing must be developed and resulting colonies of natural enemies must be cleaned of pathogens or parasites. The general biology and potential for control are typically evaluated (e.g., developmental time across a range of temperatures, adult feeding and mating behaviors and longevity). Testing a range of potential non-hosts, often selected based on relative phylogenetic and/or ecological proximity to the target pest, is a critical step. Only after necessary permits have been obtained can the natural enemy be released. The protocol is that the number of individuals released is based on only inoculating the new area and the introduced natural enemies will increase in response to populations of the pest.
Classical biological control has predominantly targeted economically important pests in agriculture and forestry although as numbers of invasive species are increasing (Aukema et al. 2010) , more target pests are invasive species negatively affecting natural areas (Van Driesche et al. 2010; Van Driesche and Reardon 2014) or invasives impacting both natural and managed systems. One current example is the invasive emerald ash borer (Agrilus planipennis), accidentally introduced to North America from China, which is killing ash (Fraxinus spp.) trees that are both in urban plantings as well as in native North American and European forests. The classical biological control program being undertaken therefore impacts both natural as well as urban forests (Bauer et al. 2014) .
Augmentative biological control
Augmentative biological control refers to periodic releases of biological control agents for control of economically important invertebrate pests. As part of augmentation, the inundative strategy involves releasing large numbers of natural enemies, with control enacted by the agents released. This is in contrast to an inoculative strategy that involves control by both the agents released, often early in a growing season before pest populations increase significantly, and generations of their offspring but without the assumption that permanent establishment and control will occur. The agents used may be native to the area, exotic but already established, or not established. Regardless of the strategy, augmentation often involves mass production of natural enemies by an industry that has formed for this purpose or, sometimes, field collection of natural enemies for subsequent release. The pests targeted often have worldwide distributions (i.e., are invasives) and the natural enemies that are used are frequently species that provide effective control and for which successful methods for mass production or collection have been developed.
Augmentative control has been used for more than 100 years. More than 230 species of invertebrate natural enemies (predominantly insects, mites and entomopathogenic nematodes) are sold for control of about 100 pest species, although about 30 species Exotic biological control agents: A solution or contribution to arthropod invasions? 955 make up more than 90 % of worldwide use (van Lenteren 2003 (van Lenteren , 2012 van Lenteren et al. 2011) . Species of bacteria, fungi and viruses are also used for augmentative control. Some major examples of uses of augmentation include the egg parasitoids of the genus Trichogramma and the bacterium Bacillus thuringiensis for control of pests in field crops and releases of many different species of natural enemies to control many pests in greenhouse cultures (van Lenteren 2012).
Negative effects of biological control of arthropods using exotic arthropod natural enemies
Until the early 1980s, the introduction of exotic arthropod natural enemies to control arthropod pests was considered a very safe control strategy as it enabled pest control without use of synthetic chemical pesticides. However, following Howarth (1983) , a serious debate in the scientific literature began to emerge regarding the environmental safety of introductions of exotic natural enemies (see below). This initially focused on the effects of classical biological control on nontarget organisms, with a recent shift to include augmentative biological control using exotic agents (van Lenteren et al. 2006a, b; van Lenteren 2012) .
Controversy regarding environmental safety of biological control using exotics
From the 1950s through to the 1970s the numbers of introductions of parasitoids and predators via classical biological control programs reached all-time-highs (Greathead and Greathead 1992) (Fig. 1) . However, there were occasional comments, often by systematists, that these introduced exotic species were also attacking native species. With the large numbers of introductions being made to the islands of Hawaii, it is not surprising that a systematist in Hawaii raised alarms in the field of entomology in 1983 with a paper titled ''Classical biocontrol: Panacea or Pandora's Box'' (Howarth 1983) . Papers that followed, about nontarget impacts (Samways 1988; Howarth 1991; Simberloff and Stiling 1996; Hawkins and Marino 1997) began a debate that intensified after publication of widely read and discussed papers on impacts of introduced weevils on native thistles in the North American Great Plains (Louda et al. 1997 ) and parasitic flies introduced against gypsy moth that also attacked native North American silkworms (Boettner et al. 2000) . Many entomologists debated the beneficial versus detrimental aspects of classical biological control in the late 1990s and early 2000s (see Follett and Duan 2000; Samways 1997; Lockwood et al. 2001; Wajnberg et al. 2001; Louda et al. 2003; Pearson and Callaway 2003; Messing and Wright 2006) . Scientists and governmental agencies began working toward establishing new methods and regulations for making decisions so that only environmentally safe exotic natural enemies would be introduced in the future (Delfosse 2005; Wright et al. 2005; Bigler et al. 2006; van Lenteren et al. 2006a ).
Concerns about the safety of classical biological control predominantly reside in the specificity of the introduced natural enemy and its resulting effects on the ecosystem. Early in the growth in the discipline of biological control, it was considered positive for natural enemies to have broad host ranges, so that natural enemies could remain permanently established in an area even at low pest populations and then would be able to increase readily if the pest population increased. This approach was often driven by scientists whose primary goals were agricultural productivity and this view continues today in some areas. While agricultural production remains extremely important, today our knowledge of the value of biodiversity has also become more firmly established. The importance of maintaining functional native biotic communities and the ecosystem services that they sustain is also now considered of great importance (Van Driesche et al. 2010 ) by both practitioners and regulators of classical biological control.
Inundative and inoculative augmentation use both indigenous and exotic natural enemies. When using exotic natural enemies for augmentation, it is not expected that these will become permanently established in the areas of application, although there are examples where this has occurred (van Lenteren et al. 2006a Lenteren et al. , b, 2008 . From 1985 through 2000 there was a burgeoning greenhouse industry in Europe and North America and augmentative biological control grew significantly to support this industry (van Lenteren 2003) . While some of the natural enemies used were released outdoors, most were only released indoors, but were able to escape from interior facilities. Over time, some of these natural enemies became established and a few have themselves become pests of concern. One species that is the focus of such issues related to both inundative augmentation and classical biological control is the multicolored Asian ladybird beetle, Harmonia axyridis. This is a voracious generalist predator that in Europe and North America has become a human nuisance along with damaging fruit and contaminating grapes which leads to undesirable flavor in resulting wine (Roy and Wajnberg 2007; Koch and Galvan 2008) . However, the main controversy about the nontarget effects of the H. axyridis invasion has focused on the decreasing populations of native coccinellids that lose out to this superior predator (Roy et al. 2012) .
In order to avoid environmental problems associated with biological control, van Lenteren et al. (2006a) proposed a method for risk assessment, to decide which natural enemies of arthropod pests were of greatest concern regarding future nontarget impacts. In the mid2000s, two books emphasizing 'nontarget effects' of arthropod biological control also revealed a change in attitude toward avoiding future environmental disruption caused by biological control introductions (Van Driesche and Reardon 2014; Bigler et al. 2006) . Environmental impacts have now been recognized as impacts directly affecting native species and impacts that indirectly affect native species or ecosystems.
Direct effects
Direct effects include situations where exotic biological control agents directly impact native species (Fig. 2a) . Exotic biological control agents have been found attacking nontarget species in their regions of introduction. This is especially true for predators and parasitoids that were released before approximately 1950, when impacts on nontarget species and communities were not a central concern and governmental oversight about the safety of releases had not been well established. For example, Hawkins and Marino (1997) reported that 16 % of the 313 parasitoids of holometabolous hosts introduced into North America were found to parasitize nontarget hosts on occasion. In a more regional analysis, a 1988 survey of classical biological control introductions to Hawaii found that 22 % of 243 classical biological control agents had been reported attacking nontarget hosts (Funasaki et al. 1988) . In this latter survey, all agents showing negative effects had been introduced before 1967. On the island of Kauai, a survey of parasitoids attacking Lepidoptera documented that parasitoid species introduced for classical biological control were the principal species attacking native lepidopterans, but no nontarget impact was documented for any parasitoid species released after 1945 (Henneman and Memmott 2001) . However, occasional nontarget feeding on native hosts or prey does not imply an impact at the population or community level. Many such records may represent trivial environmental impacts, although proper evaluation of impacts by observation or 1900s 1910s 1920s 1930s 1940s 1950s 1960s 1970s 1980s 1990s 2000s Numbers of classical biological control introducƟons Decades Fig. 1 Numbers of classical biological control introductions of insect predators and parasitoids initiated against arthropod pests, from 1880-2010. Data preparation consistent with previous synthesis by Greathead and Greathead (1992) , updated based on published information until the end of 2010. Although the numbers of introductions in the 2000s will increase as more work is published, projections suggest that the increase for this period will not be more than 25 % (MJWC unpublished data) Exotic biological control agents: A solution or contribution to arthropod invasions? 957 experimentation has seldom been done. In fact, very few cases of quantified negative ecological effects on populations or communities of native species, or on ecosystem functions, have been documented for the more than 2000 exotic biological control agents introduced worldwide against arthropod pests. In their extensive world review of ecological effects of invasive insects, Kenis et al. (2009) found evidence of measured nontarget effects on native biodiversity in eight biological control agents only (six parasitoids and two predators) (impact noted as E and D in Table 1 ). Lynch and Thomas (2000) , van Lenteren et al. (2006a) and Parry (2008) listed and classified a few more cases of nontarget effects, but these include effects on non-native species (e.g. other invasive arthropods), or cases where nontarget effects are suspected but not verified (Table 1) . Interestingly, critics of classical biological control often state that the lack of evidence for nontarget effects caused by many introduced biological control agents is due to lack of sampling or attention to this issue (e.g., Samways 1997; Lockwood 2000) . In contrast, some proponents of biological control tend to consider that the lack of evidence for nontarget effects reflects ecologically insignificant impacts on nontarget species. The reality is rather that more nontarget ecological effects are likely to be found under closer examination, at least at the habitat or micro-habitat levels. The same is true, however, for the ecological effects of all exotic arthropods, including those against which biological control has been applied or considered (Kenis et al. 2009 ). Thus, when assessing the nontarget impacts of biological control projects, it is essential to balance the impact of the biological control agent or agents with that of the target pests and the damage that could be caused by other control strategies likely to be used (Van Driesche et al. 2008) .
In principle, nontarget impacts would be more likely to be found with older introductions, when polyphagous natural enemies were introduced without consideration of such effects. However, when long a b c Fig. 2 Interactions demonstrating cascading effects linked to the addition of a hypothetical parasitoid to a trophic web, including: direct effects due to nontarget host use by a biological control parasitoid (a); indirect effects mediated by a generalist predator that feeds across trophic levels, including on the biological control parasitoid (b); and, indirect effects mediated by a third trophic level (in this case a hyperparasitoid) that feeds broadly on various parasitoids in the system (c). In all three communities there exists the possibility of apparent competition within each trophic level. Solid lines are direct effects (e.g., predation or competition), dotted lines are indirect effects, and dashes lines convey the potential for direct effects (competition) or indirect (apparent competition). HS host specific; G generalist periods of time have passed since an introduction, it becomes complicated to assess the exact impact of exotic natural enemies because the necessary quantitative data on native species populations before the introduction, or in non-invaded areas, are often lacking (Kenis et al. 2009 ). Another difficulty in assessing nontarget effects of exotic natural enemies, and alien arthropods in general, is the large spectrum of impact mechanisms, both direct and indirect, that need to be considered (Parry 2008; Kenis et al. 2009) . It is also difficult to directly compare old versus new introductions due to the confounding ecological and landscape contexts and given the real possibility that lag effects could potentially be obscuring impacts of more recent introductions. The risk of direct effects on organisms related to the target pest has received by far the most attention in the scientific literature, as well as from practitioners and regulatory bodies (White et al. 2006) . One of the most famous historical examples is that of the tachinid fly Bessa remota, which has been suggested to have caused the extinction of the target species, the zygaenid coconut moth Levuana iridescens, in Fiji but also of a nontarget native zygaenid moth, Heteropan dolens (Tothill et al. 1930; Howarth 1991; Kuris 2003) . However, the most recent assessment (Hoddle 2006) considers that this needs to be properly assessed with a comprehensive survey before coming to such a conclusion. Another wellknown case is the parasitic fly, Compsilura concinnata, introduced in the USA to control the gypsy moth, Lymantria dispar, at the beginning of the twentieth century (Boettner et al. 2000) . This parasitoid contributed to larval mortality in the target host and accidentally also controlled another invasive pest, the brown-tail moth Euproctis chrysorrhoea. However, C concinnata has also been found attacking at least 200 species of at least 15 families of native Lepidoptera, and three families of sawflies (Arnaud 1978) , demonstrably reducing populations of at least a subset of these (Kellogg et al. 2003; Elkinton and Boettner 2012) . Interestingly, although several intentional introductions of polyphagous predators such as the cane toad, Rhinella marina (=Bufo marinus), or the rosy wolfsnail, Euglandina rosea, have caused catastrophic direct effects on biodiversity (Cowie 2001 ; Shine 2010), we are not aware of any arthropod predator introduced for biological control that has caused a quantified effect on nontarget prey that is closely related to the target prey species. The two best-known examples of detrimental arthropod biological control predators are the coccinellids H. axyridis and Coccinella septempunctata introduced against aphids in various parts of the world. These species have caused declines not only of aphids but also of other aphidophagous species, in particular other coccinellids (Evans 2004; Roy et al. 2012) . It is not clear however whether the declines have been caused by competition for food or intraguild predation, or also by both species occurring independently or together. In some areas, it is thought that these species were not purposefully released but spread on their own as invasives (Roy et al. 2012) .
A principal tool in the biological control toolbox designed to minimize or eliminate nontarget effects is host specificity testing. Parasitoids are currently favored for classical biological control as many are reasonably host specific and, partly for that reason, are the most widely used group of agents. However, few parasitoids are completely monophagous and, according to some accounts, most parasitoids will 'drift' to attack other species occasionally (Parry 2008). Also among introductions of parasitoids, there are several measurable cases of displacements of native parasitoids, although no large-scale extinction has yet been reported (see cases of Lysiphlebus testaceipes, Cales noaki, Aphidius ervi, C. concinnata and others (Lynch and Thomas 2000; van Lenteren et al. 2006a; Parry 2008; Kenis et al. 2009 ).
Introduced natural enemies can also theoretically affect populations of native, closely-related species or sub-species through hybridization. The most cited example is Torymus sinensis parasitoids introduced in Japan against the chestnut gall wasp Dryocosmus kuriphilus. This introduced parasitoid may have caused a severe reduction in population densities of the native Torymus benefices (Yara 2006) , possibly in part due to hybridization. The hybridization hypothesis was based on laboratory production of hybrids. However, subsequent molecular studies suggest that hybridization rarely occurs in the field and probably plays a minor role in displacement of T. benefices (Yara et al. 2007 ).
Indirect effects
Indirect effects can be defined as population feedbacks mediated through the interaction of two or more biotic agents to produce measurable changes in community structure or ecosystem function (McCoy and Frank 2010; Pearson and Callaway 2003) . Indirect effects from biological control may also potentially impact ecosystems but they have received considerably less attention than direct effects, most probably because they are less obvious and more difficult to study (Holt and Hochberg 2001; Pearson and Callaway 2003) . This section focuses specifically on changes in population densities, or the nature and strength of interactions within communities where exotic biological control agents have been released.
Indirect effects can take many forms, particularly in complex communities where the number of potential interactions are many (Clough 2012) . Perhaps the most commonly cited form is apparent competition (Pearson and Callaway 2003) . Apparent competition refers to the phenomenon where there is an inverse relationship between the abundances of two or more species (typically ecologically similar species of the same trophic level), mediated by a third organism, typically a shared natural enemy. Positive numerical responses in predator or parasitoid species to an abundant prey can result in spillover and suppression of nontarget organisms, even across habitat boundaries (in the case of mobile enemies with strong searching abilities). The phenomenon is labeled ''apparent competition'' since the reciprocal changes in population densities as a result of shared enemies often mimic expectations under resource competition (Holt and Hochberg 2001) . Apparent competition can occur as a consequence of direct, nontarget effects (Fig. 2a) . However, even in the case of host specific biological control agents, complex community feedbacks can cause apparent competition indirectly, through one or more links in a trophic web (Fig. 2b,  c) . In the case of biological control using insects, there are few empirical examples showing apparent competition (Thomas et al. 2004 ). In a rare experimental test of apparent competition in the field (though not strictly in the context of biological control) van Nouhuys and Hanski (2000) added 250-300 Cotesia glomerata cocoons to within 20 cm of Glanville fritillary, Melitaea cinxia, larval nests across three experimental and three control populations on the island of Å land in Finland. The Glanville fritillary serves as the host for another Cotesia parasitoid, C. melitaearum, but there is no overlap in host use (and therefore no opportunity for competition) between the two species. In experimental sites, densities of the generalist hyperparasitoid (Gelis agilis) were elevated, resulting in dramatic reductions in C. melitaearum metapopulations, including local extinction in some sites.
Indirect effects do not always lend themselves to classification and may rather be idiosyncratic to the organisms involved. For example, biological control of the alfalfa weevil using a parasitoid wasp is enhanced by the presence of pea aphids that provide a carbohydrate subsidy to adult wasps in the form of honeydew (Evans and England 1996) . Ladybird beetles are effective predators of pea aphids and have the indirect consequence of reducing wasp efficacy against the weevil. Such feedback among exotic, independently introduced agricultural pests and their biological control agents illustrates the complexity of these systems and the potential for unintended consequences even in a simplified, man-made ecosystem.
Additional possibilities for indirect effects that have received even-less attention but nevertheless warrant consideration include symbiont sharing [including endosymbionts hypothesized to confer resistance to parasitism (Hansen et al. 2007 )], or spillover or amplification of native or co-introduced pathogens (see Wingfield et al. this issue) . Subtle effects on phenology or behavior of target (or nontarget) insects are also plausible, though little empirical data exist to corroborate such changes in response to biological control releases. There is, however, abundant evidence that natural enemies can influence host plant choice in affected insects (Price et al. 1980) , which could have cascading effects on multiple aspects of community and ecosystem function.
Opinions on the importance of indirect effects vary, with some authors characterizing them as at least as important as direct effects (Pearson and Callaway 2003) while others suggest that their importance may be exaggerated, especially with respect to the biological control of insects (Thomas et al. 2004) . In fact, the reduction of an undesirable species can itself have unintended consequences on communities and ecosystems. For example, reductions in densities of native aphids due to generalist ladybird predators have been implicated in the decline in specialist parasitoid wasps that depend on aphid-produced honeydew (Evans and England 1996) . Clearly, the range of possible ecological feedbacks predicted by theory (Holt and Hochberg 2001) and the accumulating list of examples Callaway 2003, 2005; Simberloff 2012) , suggest that vigilance is warranted. Importantly, both direct and indirect effects may be strongest during the transient phases post-introduction when populations can reach levels well above equilibrium densities, thus amplifying the strength of some interactions (Holt and Hochberg 2001) , although temporarily. Predicting and/or testing for indirect effects is challenging (Karban et al. 1994; Simberloff 2012 ) but recommendations call for greater focus on communities rather than pairwise interactions in both pre-and postestablishment monitoring.
Changes in regulations and methods for classical biological control
The shift in public opinion toward the importance and protection of biodiversity has resulted in changes in the regulations for the use of classical biological control of arthropods, and this consequently influences methods surrounding the evaluation and release of agents. Many of these changes are related to concerns about nontarget effects of released biological control agents. Australia's Quarantine Act of 1908 was one of Exotic biological control agents: A solution or contribution to arthropod invasions? 961 the first pieces of legislation for invertebrate biological control agents, although this Act was used to ensure that introduced biological control agents would not become agricultural pests and nontarget effects on non-economically valuable species were not considered (Hunt et al. 2008) . It was only in the 1980's, once perceptions on the potential risks of releasing exotic biological control agents against arthropods were starting to change, that practitioners in Australia started to conduct host specificity tests of exotic arthropods to be released for control of arthropods (Kuhlmann and Mason 2003; Sands and Van Driesche 2003) . In the meantime, host specificity testing had already become a common practice in weed biological control, mainly because herbivorous agents were perceived as potentially more damaging to agriculture than agents for controlling arthropods (van Klinken 2000) . In the 1990s, Australia and New Zealand were the first countries to change their legislation to address the potential for nontarget impacts in biological control programs against arthropods (Barratt and Ferguson 2000; Cameron et al. 2013; Van Driesche and Hoddle 1997 Various methods have been developed in order to meet the requirements for nontarget testing, most notably with regard to the selection of nontarget species and the experiments required to test their suitability as potential hosts. The main approach to selecting potential nontarget species for weed biological control is the phylogenetic centrifugal method, which assumes phylogenetic conservatism in host use and therefore focuses on testing species most closely related to the target species. The centrifugal approach has also been largely adopted by researchers and practitioners for control of arthropod pests. However, in the case of parasitoids, taxonomy is a less successful predictor of host range (Cameron et al. 2013) . To improve the utility of such assays, potential nontarget species should also include ecologically similar species, e.g., arthropods that share habitats, phenology and/or niches with other hosts, irrespective of being taxonomically related (Hogendoorn et al. 2013; Kuhlmann and Mason 2003; Van Driesche and Hoddle 1997; van Lenteren et al. 2006a) . Likewise, it is typically worthwhile to also examine effects on other introduced biological control agents (Van Driesche et al. 2008; van Lenteren et al. 2006a) , species of economic importance (Hogendoorn et al. 2013; Van Driesche and Hoddle 1997; van Lenteren et al. 2006a) , as well as species of conservation concern such as rare and endangered species (Van Driesche and Hoddle 1997; van Lenteren et al. 2006a) . Comprehensive experimental evaluation of attractiveness, preference and suitability of alternate hosts or prey would generally be performed under controlled conditions. Such tests would typically include choice tests, nochoice tests, sequential tests and other similar methods. Often using a combination of methods increases robustness of observed outcomes and improves confidence in the results Hopper 2001; Van Driesche and Hoddle 1997; Van Driesche et al. 2008; van Lenteren et al. 2006b ). Recent criticisms of laboratory tests to assess host specificity as being too simplistic have resulted in a move toward including other studies of biological control agents to assess their potential risk. These include understanding the ecological and not only the physiological host range through studies of dispersal ability, life table analysis, trophic web studies, the use of experimental populations and incorporating climate matching (Boyd and Hoddle 2007; Hopper 2001; Louda et al. 2003) .
Post-release studies to confirm the establishment of the agent, but also to confirm the absence of nontarget effects, have been included in the requirements of some regulatory bodies (De Clerck-Floate et al. 2006) . However, such studies can be logistically challenging, appropriate methods are still uncertain and funding can be an obstacle. In particular, the time after introduction to conduct post-release studies is difficult to determine due to differential timing in establishment and dispersal of different species of insects. Initial range expansion may not be linear and may instead undergo 'jump dispersal' or the new introduction could enter an 'eclipse period' or 'lag phase' of low densities where Allee effects occur, where population growth trajectories keep populations low or where density after release falls below a detection threshold (Lockwood et al. 2013) , possibly because of high dispersal rates from the release area (Henne et al. 2007) .
Besides regulations requiring host specificity testing, another major change affecting the introduction of biological control agents has been regulations affecting the export of potential biological control agents from their area of origin. The Convention on Biological Diversity in 1992 established that each country has sovereignty over its biodiversity. Subsequent meetings in Bonn in 2008 and Nagoya in 2010 developed agreements to define how a country's genetic resources (including biological control agents) may be accessed. This includes Access and Benefit Sharing (ABS) as defined under the Nagoya Protocol, under which each country is now expected to prepare its own legislation and regulations. In order to export potential biological agents, the country of origin may require prior informed consent and agreement about how to share any benefits from access to these genetic resources (Cock et al. 2010) . These regulations play an important role in ensuring that a country's biodiversity is not exploited without sharing the benefits, but can have a negative outcome when access to and exploitation of natural enemies for biological control is limited due in part to the absence of regulations, difficulties in navigating the regulation processes, differing regulations for different countries and lengthy permitting processes. This has in extreme cases led to the cessation of biological control programs (Coutinot et al. 2013 ) and it seems likely to impact negatively on biological control programs in the future. Since classical biological control is usually conducted by governmental agencies for no profit and the augmentative biological control industry gains little profit, the goals of these rulings will not be met via collections of exotic biological control agents. Therefore, an exception is being suggested for biological control (and noncommercial scientific research in general), in which access to potential biological control agents would be facilitated by legislation rather than impeded .
Biological control agents do not recognize political borders. Thus a conflict of interest may develop when an agent released in one country poses a potential risk in another country. This could be due to nontarget effects on species not present in the country of release and/or not considered in host specificity tests. In response to these concerns there have been a few guidelines and agreements within regions on the consultation of intended releases. In the IPPC ISPM 3 Guidelines for the Export, Shipment, Import and Release of Biological Control Agents and other Beneficial Organisms the responsible authorities are encouraged to communicate details of intended releases that may affect neighboring countries (IPPC 2006) . The USA, Canada and Mexico jointly developed ''Guidelines for Petition for Release of Exotic Entomophagous Agents for the Biological Control of Pests,'' a North American standard for submissions to release biological control agents whereby each member country can make recommendations on whether the proposed biological control agent should be released (De Clerck-Floate et al. 2006) . The South American Common Market (Mercosur) has developed phytosanitary regulations for member countries that include the regulation, import and release of biological control agents, where biological control research programs are required to consider potential risks to other countries in that region (Coutinot et al. 2013) . Regulation in the European Union has been at the discretion of member countries (Bale 2011) , with the lack of unity in part due to concerns by member countries that new regulations would be costly and time consuming (Bale 2011; Hunt et al. 2008; Kelly 2012; Loomans 2007) . However, organizations and initiatives such as ERBIC (Evaluating Environmental Risks of Biological Control Introductions), REBECA (Regulation of Biological Control Agents), IOBC-WPRS (International Organization for Biological Control-West Palaearctic Regional Section) and EPPO (European Plant Protection Organization) are seeking to harmonize regulatory requirements within the EU (Bale 2011) .
Changes occurring in the use of biological control A decided change occurred over the past century, with a move away from use of generalist exotic predators and parasitoids for biological control introductions. Numbers of classical biological control introductions began decreasing in the 1980s and this trend continues in the twenty-first century (Fig. 1) . The global decline was most likely initiated by reduced use of exotic biological control agents in the USA, by far the largest Exotic biological control agents: A solution or contribution to arthropod invasions? 963 user of exotic biological control agents (Cock et al. 2010) , in response to concerns about nontarget impacts. The decreasing use of exotic biological control agents continued, as these concerns spread to other parts of the world. The drop in the rate of biological control deployment is particularly stark when compared with the continuing or increasing rates of introductions of invasives in many systems during the same period (Aukema et al. 2010; Roques et al. 2009 ). As concerns grew, practitioners developed new protocols and regulatory agencies started to create new and stricter regulations. Under the new scrutiny, fewer of the natural enemies found in foreign exploration surveys were considered suitably host-specific to prepare a petition for their release. In addition, once new regulations or plans were in place, the host specificity testing that was required took much more time and effort than previously, which also decreased the number of natural enemies proposed for release and slowed the process.
Complicating the picture regarding the cause for the decline in classical biological control introductions, beginning in 2002, Access and Benefit Sharing (see above) also acted to slow use of new exotic arthropods for biological control. The extent that this development versus environmental safety issues has affected the decline in numbers of introductions of exotic natural enemies in the 2000s is not known but certainly both of these issues probably together led to the low number of releases in the last decade.
The use of exotic species in augmentative biological control has also changed drastically during the past 15 years in response to issues of environmental safety and Access and Benefit Sharing. For example, there is clearly concern about nontarget effects of exotic coccinellids that have been used for biological control; the case of H. axyridis has especially been highlighted although some of the problems have been of great concern in areas where H. axyridis has never been released but only arrived via dispersal. Even in North America and Europe, where H. axyridis has been released, accidental introductions have probably played a major role in the invasion (Lombaert et al. 2011) . In fact, the majority of arthropod natural enemies have been introduced accidentally as part of the global movement of invasive species and not as purposeful biological control introductions (e.g., Snyder and Evans 2006; Roy et al. 2011) . Increasingly, indigenous natural enemies are being evaluated for their potential use for augmentative biological control, in part to avoid complex legislation and registration. This has changed the picture for use of new exotic species in augmentative biological control, particularly in Europe: the majority of natural enemies newly introduced to the market in the period 1960-1999 were exotics, whereas from 2000 onwards more than 75 % on of the new species were of indigenous origin (van Lenteren 2012).
The future of biological control using exotic natural enemies against arthropods Exotic natural enemies have been used extensively in the past for biological control of arthropods, resulting in decreased damage from pests in crops and native ecosystems along with diminished reliance on chemical or other control strategies. Unfortunately, from the 1980s to the 2000s, purported nontarget effects due to exotic parasitoids and predators introduced for classical biological control cast a negative light on use of exotics in biological control. However, extensive analyses have demonstrated that nontarget effects impacting native species at the population level are rare when compared with the number of introductions that have occurred (Lynch and Thomas 2000; van Lenteren et al. 2006a, b; Parry 2008; Kenis et al. 2009 ). This is consistent with the fact that there are no native species of arthropods that have been negatively impacted by biological control agents and are included in the list of threatened species maintained by the International Union for Conservation of Nature (Collen et al. 2012; IUCN 2015) .
Concerns about nontarget effects at the population level, caused by using arthropod natural enemies for augmentative biological control have only more recently been investigated but seem to be of concern mainly for generalist, non-indigenous natural enemies whose climatic requirements allow them to establish in the region of treatment. Biological control agents of this type are no longer proposed for use in several countries like the UK and the Netherlands (Bale 2011) .
Despite the overall lack of significant nontarget impacts, with the notable exception of H. axyridis, concern has been voiced about the potential for negative impacts on biodiversity, arising from the use of exotics in biological control of arthropods (Van Driesche et al. 2008) . Researchers in the field of biological control need to actively engage the scientific community and the public to regain their trust through demonstrating that significant changes have been made to address these concerns, including using fewer agents, using agents of demonstrated host specificity, evaluating risks to biodiversity and ecosystem services, improved and appropriate procedures, regulation and consultation, and post release followup to detect possible nontarget effects (Table 2) . In addition, stakeholders should be included in the decision making process regarding potential releases to ensure a transparent process and that information is accurately communicated (Warner and Kinslow 2013). Care must always be advocated, and to do so the costs and benefits of control options should be clearly understood.
It appears that much of the stigma associated with classical biological control exists as a legacy of releases that were executed 65 or more years ago when, reflecting the value of society at the time, there was little recognition of the existence or importance of nontarget effects. Risk assessment for nontarget effects was not a requirement for biological control of arthropods in the past but its importance is now clearly recognized and accepted. The assessment and host range testing required to address governmental legislation, while improving environmental safety, have contributed to decreasing the numbers of new exotic biological control agents released each year. The Access and Benefit Sharing legislation is also affecting options to find and use exotic biological control agents (Cock et al. 2010 ) and this is a matter for serious concern.
There are many biological control success stories (e.g., Clausen 1978; Cock 1985; Cameron et al. 1989; Waterhouse and Sands 2001; Neuenschwander et al. 2003; Mason and Gillespie 2013) and we believe that these outweigh those examples where this approach to pest management has had negative impacts. In many cases, the negative impacts that have emerged were No specific years are listed as these changes were made at different times by different organizations around the world a IPPC (2006), Fisher and Andrés (1999) Exotic biological control agents: A solution or contribution to arthropod invasions? 965 not expected. Now that nontarget effects are recognized as an issue, the risks can be minimized based on research to better understand the processes involved. We argue strongly for substantially increased investment in biological control research that leads to rigorous evidence-based policy formulation. For example, there should be much greater levels of investment to capture the power of modern technologies such as molecular genetic tools in order to accurately identify biological control agents (and their target pests) and to understand their population genetics (See Garnas et al., this issue) .
Regulations regarding the use of biological control agents are inconsistent in terms of the countries where they are applied; rules are often applied in one country but not in effect in bordering countries. This is especially relevant in continents composed of many countries (often with porous boundaries) and where regulations can vary from rigorous to non-existent. Thus, introductions into one country without care can have negative impacts elsewhere which in turn may damage the reputation of an otherwise very positive technology. This is a situation that requires attention and supports a call for global rather than national strategies to promote opportunities in biological control (Garnas et al. 2012) .
Biological control has provided and should continue to provide many positive outcomes for dealing with damaging invasive alien insect pests (see Wingfield et al. 2015) . It is unfortunate that a negative perception of this important technology has emerged and this could clearly result in lost opportunities in the future. It is necessary to engage the public and other stakeholders more closely in the work being done, the risks involved and the potential benefits that could accrue from successful actions. Along these same lines, there should also be greater levels of investment in research to evaluate population level effects on targets as well as non-targets and thus to better understand the risks as well as the opportunities offered by biological control.
